G lucocorticoids are often administered to pregnant women to accelerate fetal pulmonary maturation and prevent respiratory distress syndrome. [1] [2] [3] [4] However, there is evidence that prenatal administration of steroids may have adverse effects on the developing fetus with consequences in later life. [5] [6] [7] [8] [9] Daily administration of prednisone, used as a treatment for infertility in humans, resulted in infants that are small for gestational age. 5 Similar findings have been demonstrated in rodents. [5] [6] [7] Administration of dexamethasone to pregnant rats produces adverse effects on the developing kidney. 6, 7, 9 Rats born to pregnant animals that received daily dexamethasone throughout gestation had a 50% reduction in the number of nephrons and a 30% reduction in glomerular filtration rate when they were studied at 60 days of age. 7 Rats exposed to daily steroids during development also had significant hypertension at 2 months of age. 6, 7 Similarly, offspring of ewes given prenatal glucocorticoids have hypertension as adults. 10 -14 However, rats that were the product of mothers receiving daily steroids had severe intrauterine growth retardation, which is also a predisposing factor for the development of hypertension and renal disease in later life. [15] [16] [17] [18] We have recently examined the effect of 2 daily injections of prenatal dexamethasone (0.2 mg/kg per day) in rats. 9 We chose this dose to be comparable to that administered to humans to accelerate pulmonary maturation. Two daily doses of dexamethasone did not produce intrauterine growth retardation, unlike the above studies, in which more doses of dexamethasone were administered. 6, 7 In addition, we found no effect on the numbers of rats in the litter or on the length of gestation with prenatal dexamethasone. 9 Administration of dexamethasone on either days 15 and 16 or 17 and 18 resulted in a significant reduction in nephrons when the rats were arbitrarily studied at 2 months of age. Both the male and female rats that received prenatal dexamethasone on days 15 and 16 of gestation had hypertension, whereas only the male rats that received dexamethasone on days 17 and 18 of gestation had hypertension. Rats that received dexamethasone on days 11 to 12, 13 to 14, 19 to 20, and 20 to 21 were unaffected. Thus, there appears to be a critical time of gestation that prenatal dexamethasone has its deleterious effects that cause hypertension and a reduction in nephron number.
A major shortcoming of our previous study was the fact that rats that received prenatal dexamethasone were studied at only one time point, which left several unanswered questions. It was unclear if prenatal dexamethasone affected renal development or caused a reduction in nephrons by programming the developing animal to have accelerated and progressive glomerular senescence. It was unclear whether the hypertension was manifest in neonates and whether the severity of the hypertension increased as the animal aged. It was also unclear if the reduction in nephron number was the sole cause for the hypertension. The present study examined rats as neonates and at 6 to 9 months of age to address some of these questions. We found that there is a reduction in nephron number in neonatal rats but that only female rats have an elevated blood pressure. In 6-to 9-month-old rats we found that male rats that received dexamethasone on days 13 and 14, 15 and 16, and 17 and 18 of gestation have hypertension but that a reduction in nephron number is not the sole cause for the hypertension. Finally, we show that prenatal dexamethasone can lead to glomerulosclerosis.
Methods

Animals
The pregnant rats arrived at our institution at least 2 days before initiation of the study. Pregnant rats received either intraperitoneal vehicle or dexamethasone (0.2 mg/kg body wt) daily on gestational days 11 and 12, 13 and 14, 15 and 16, 17 and 18, or 19 and 20. We have previously shown that these dexamethasone protocols do not affect litter size and do not cause intrauterine growth retardation. Both male and female rats were studied. Prenatal dexamethasone resulted in comparable differences from control rats in both male and female rats in each of the protocols studied, and the results were therefore combined except for blood pressure and renal histology.
Measurement of Glomerular Filtration Rate
Inulin clearance was performed in a fashion similar to that previously described. 9, 19 
Measurement of Blood Pressure
Blood pressure was measured with an IITC Model 179 Blood Pressure Analyzer. Six-month-old animals were placed in a Lucite tube, and a tail-cuff blood pressure cuff was inflated several times daily on the 4 days before the actual measurement of blood pressure. Three-week-old animals were placed in a Styrofoam tube and trained as above and then returned to their mothers. On the day of the actual blood pressure measurement, there were at least 4 determinations, and the mean of these values was used as the blood pressure for that rat.
Glomerular Number
Glomerular number was determined by using a variation of the technique of Damadian et al, with significant modifications. 9,20 -22 Alcian blue is superior to india ink to stain glomeruli. 20, 22 Six-to 9-month-old rats received an intra-arterial infusion of 0.2 mL per 100 g body weight of 5% alcian blue (Aldrich Chemical Company) in normal saline over a period of 1 minute, using a femoral arterial catheter placed above the renal arteries after measurement of glomerular filtration rate. A second 0.2 mL per 100 g body weight bolus of alcian blue was then administered 5 to 7 minutes after the first infusion. For the 3-week-old rats, an intra-aortic infusion of 2.5% alcian blue was administered. The kidneys were then removed 5 minutes after the second infusion and processed as recently described. 9
Histology and Glomerular Size
Kidneys from 8-month-old control rats and rats that received prenatal dexamethasone on 15 and 16 and 17 and 18 days of gestation or vehicle were fixed in 10% phosphate-buffered formalin, embedded in paraffin, sectioned at 4 m, and stained with hematoxylin and eosin and with periodic acid-Schiff stain. All of the glomeruli in a cross section of kidney (100 to 200 glomeruli) from each animal were examined for evidence of glomerulosclerosis. Glomerulosclerosis was defined as segmental or global collapse of the peripheral capillary loops, often associated with capsular adhesions. There were at least 3 kidneys from different animals examined in each group. The kidneys were examined without operator knowledge of whether they were from control or dexamethasone-treated rats.
Statistical Analysis
Values are expressed as meanϮSEM. ANOVA with post hoc Student-Newman-Keuls test, unless otherwise noted, or unpaired Student t test for studies examining 2 groups, was used to determine statistical significance except for studies examining number of sclerotic glomeruli, in which 2 analysis was used. An expanded Methods section can be found in an online supplement available at http://www.hypertensionaha.org.
Results
Effect of Prenatal Dexamethasone on Glomerular Number at 3 Weeks of Age
To determine if prenatal dexamethasone caused a reduction in glomerular number in infant rats, we counted the number of glomeruli in rats at 3 weeks of age. We examined the effect of dexamethasone administered at days 15 and 16 of gestation, since this was previously determined to cause the greatest reduction in glomerular number when the rats were studied at 2 months of age. 9 As shown in Figure 1 , there was a 14% reduction in glomerular number at 3 weeks of age (PϽ0.001). Thus, 3-week-old rats exposed to prenatal dexa- Figure 1 . Effect of prenatal dexamethasone on number of glomeruli in 3-week-old rats. Pregnant rats were administered dexamethasone (0.2 mg/kg body wt) or vehicle on gestational days 15 and 16. At 3 weeks of age, the number of glomeruli were counted by using alcian blue to stain the glomeruli followed by acid digestion. Number of glomeruli were reduced in animals that received dexamethasone at 15 and 16 compared with control. There were 8 rats in each group. Prenatal dexamethasone caused a significant reduction in the number of glomeruli at 3 weeks of age (PϽ0.01).
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methasone have a reduction in nephron number consistent with a reduction in nephron number in the perinatal period.
Effect of Prenatal Glucocorticoids on Blood Pressure at 3 Weeks of Age
The effect of prenatal dexamethasone, administered at days 15 and 16 of gestation, on systolic blood pressure is shown on Figure 2 . We studied rats that were given dexamethasone on days 15 and 16 of gestation because this was previously shown to cause the greatest rise in blood pressure in rats studied at 2 months of age. There was a small increase in blood pressure in male rats that was not statistically significant. Female rats that received prenatal dexamethasone had a higher blood pressure than female control rats (PϽ0.01).
Effect of Prenatal Glucocorticoids on Number of Glomeruli and Glomerular Filtration Rate at 6 to 9 Months of Age
The effect of prenatal dexamethasone on glomerular number was determined in rats at 6 to 9 months of age that were administered dexamethasone on days 11 and 12 Figure 3 , the results demonstrate that there was a 20% and 17% reduction in the number of glomeruli when dexamethasone was administered on days 15 and 16 and days 17 and 18 of gestation, respectively, compared with control rats (PϽ0.05). These results were virtually identical to those found when animals were studied at 2 months of age. 9 As is shown in Figure 4A , there was no reduction in glomerular filtration rate when the rats were analyzed at 6 to 9 months of age. There was also no difference in glomerular filtration rate when factored per body weight as shown in Figure 4B .
Effect of Prenatal Glucocorticoids on Blood Pressure at 6 Months of Age
The effect of prenatal dexamethasone on systolic blood pressure was determined in rats at 6 months of age that were administered dexamethasone on days 11 and 12, 13 and 14, 15 and 16, 17 and 18, and 19 and 20 of gestation. There was a difference in male and female rats at this age, as we found in our previous study so male and female rats were analyzed independently. The results are shown in Figure 5 . Male rats had an increase in blood pressure if administered dexamethasone on days 13 and 14, 15 and 16, and 17 and 18 days of gestation. It should be noted that the 13 and 14 dexamethasone male group had an elevated blood pressure, whereas there was no difference in the number of glomeruli 27 568Ϯ387 in controls versus 28 545Ϯ972 in the 13 and 14 male dexamethasone group. Thus prenatal dexamethasone can increase blood pressure independent of a reduction in glomerular number. There was no effect of prenatal dexamethasone on blood pressure in female rats.
Renal Histology
Histology of kidneys from an 8-month-old control male rat and a male rat that received prenatal dexamethasone on days 15 and 16 of gestation are shown in Figure 6 . Male rats that had received prenatal dexamethasone on days 15 and 16 of gestation had an increase in interstitial fibrosis and glomerulosclerosis. The number of glomeruli with evidence of Figure 2 . Effect of prenatal dexamethasone on systolic blood pressure in male and female rats measured at 3 weeks of age. There was no significant difference in blood pressure in control male rats and male rats that received prenatal dexamethasone on days 15 and 16 of gestation. However, the difference in female rats was significant (PϽ0.001). There were at least 9 rats in each group. glomerulosclerosis is shown in the Table. As can be seen, male rats in all groups had more sclerotic glomeruli than female rats. The numbers of sclerotic glomeruli in both male and female rats that received dexamethasone on days 15 and 16 of gestation were greater than in control rats (PϽ0.001).
Discussion
The present study examined the effect of prenatal dexamethasone on glomerular number in neonatal and adult rats. Although we had previously found that prenatal dexamethasone resulted in hypertension and a reduction in nephron number at 2 months of age, this study extends the previous observations significantly and provides clues to how prenatal dexamethasone reduces nephron number and produces an elevated blood pressure in adult rats.
The fetus is normally protected from maternal steroids by placental 11␤-hydroxysteroid dehydrogenase. 23 Pregnant rats exposed to carbenoxalone, an inhibitor of placental 11␤-hydroxysteroid dehydrogenase, have offspring in which hypertension later develops. 24, 25 However, pregnant rats given carbenoxolone during pregnancy but adrenalectomized to protect the fetuses from maternal glucocorticoids were normotensive as adults. 24 Pregnant rats that ingest a low protein diet have low levels of 11␤-hydroxysteroid dehydrogenase and have offspring that develop hypertension as adults. 26, 27 Pregnant rats that ingest a low protein diet but also receive Figure 4 . A, Effect of prenatal dexamethasone on glomerular filtration rate (GFR). Glomerular filtration rate was measured in anesthetized 6-to 9-month-old rats that received either prenatal dexamethasone or vehicle. GFR was measured with [methoxy-3H] inulin. There were at least 11 rats in each group. B, Effect of prenatal dexamethasone on GFR factored per 100 g body weight. Figure 5 . Systolic blood pressures in 6-month-old rats that received prenatal dexamethasone or vehicle. Blood pressure was taken in trained rats using a tail cuff. Male rats (A) that received prenatal dexamethasone on days 13 and 14, 15 and 16, and 17 and 18 had elevated blood pressure compared with control rats. Female rats (B) were not hypertensive. There are at least 10 male rats in each group. There were 8 female rats in each group except days 11 and 12 and days 19 and 20, in which there were 5 rats.
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metyrapone, an inhibitor of glucocorticoid synthesis, for the first 14 days of gestation have offspring with normal blood pressure. 27 Dexamethasone is a poor substrate for 11␤-hydroxysteroid dehydrogenase, which allows fetal exposure to the administered glucocorticoid. The mechanism for the hypertension resulting from limited exposure to dexamethasone has yet to be elucidated. The endowment of nephrons at birth has been proposed to be a factor affecting blood pressure in adults. 15, 16, 28 Human neonates with intrauterine growth retardation have a reduced number of nephrons 28 and are predisposed to developing hypertension as adults. [15] [16] [17] [18] The mechanism mediating the hypertension associated with congenital oligonephropathy is controversial. A reduction in nephron number could impair renal sodium excretion resulting in elevated blood pressure. 15, 16, 28 However, it should be noted that in the present study, there was no effect of prenatal dexamethasone on glomerular filtration rate or when the glomerular filtration was factored for body weight.
There is increasing evidence that the hypertension seen in rat neonates born to mothers who ingested a low protein diet during pregnancy is mediated by a dysregulation of the renin-angiotensin system. 29 -31 Rats born to mothers that ingested a low protein diet have an elevated plasma ACE activity, 29, 30 and their blood pressure is normalized when treated with an ACE inhibitor. 29 Recent studies by Woods et al 31 demonstrated that renin mRNA and intrarenal angiotensin II levels were lower in rats that were the offspring of mothers that ingested a low protein diet than control rats. This group hypothesizes that reduced fetal and neonatal intrarenal angiotensin II results in impaired renal development and the reduced nephron number leads to hypertension in adult. 31 There is also evidence that maternal dietary protein deprivation results offspring with upregulation of the bumetanidesensitive cotransporter and the thiazide-sensitive cotransporter, 2 transporters important in renal sodium absorption. 32 Our data suggest that a reduction in nephron number is not the sole factor causing the hypertension in rats exposed to prenatal dexamethasone. Although there is by and large a concordance with a reduction in nephron number and the development of hypertension in rats exposed to prenatal dexamethasone, there is only a Ϸ20% reduction in nephron number in the 15 and 16 and 17 and 18 dexamethasone group. It is hard to imagine that this small reduction in nephron number is responsible for the hypertension. Furthermore, unlike our previous study examining rats at 2 to 3 months of age, we find that at 6 to 9 months, the 13 and 14 male dexamethasone group had hypertension despite the fact that there was no reduction in glomerular number in this group. Thus this study demonstrates that there has to be other factors besides a reduction in nephron number that causes the hypertension with prenatal dexamethasone.
The other interesting factor relating to the hypertension noted in this and our previous study was that there was a difference in hypertension between male and female rats exposed to prenatal dexamethasone. At 2 to 3 months of age, only the female 15 and 16 prenatal dexamethasone group had hypertension compared with 15 and 16 and 17 and 18 in the male rats. In this study, at 6 months of age, the male rats that received prenatal dexamethasone on days 13 and 14 also were hypertensive. The female rats that received prenatal dexamethasone were not hypertensive at 6 months of age yet had hypertension at 2 months. The reason for the amelioration in hypertension is unknown. It is also of interest that only the female rats at 3 weeks of age that received prenatal dexamethasone on days 15 and 16 of life had elevated blood pressures, whereas the male rats did not. The reason for this , ϫ100) . B, Male whose mother received dexamethasone on days 15 and 16 of gestation. Segmental sclerosis is present in 3 glomeruli. There is interstitial fibrosis and tubular atrophy and a mild lymphocytic infiltrate (periodic acid Schiff, ϫ100). disparity is unclear at present but underlies the importance of studying both genders.
Number of Sclerotic Glomeruli Divided by the Total Number Counted
In our previous and current study, we found that prenatal dexamethasone administered on days 15 and 16 of gestation resulted in a reduction in glomerular number compared with control. 9 There were several possible causes for the reduction in glomerular number. The reduction in glomerular number may result from intrauterine injury resulting in a paucity in glomerular number from the time of birth or a progressive reduction in glomerular number either caused by hypertension or programmed accelerated glomerular senescence. We found a 14% reduction in glomerular number in 3-week-old animals treated with dexamethasone at days 15 and 16 of gestation and a 20% reduction in animals studied at 6 to 9 months of age. The fact that we were able to measure a reduction in glomerular number in infant rats suggests that the damage probably was due to an intrauterine insult. It should be mentioned that the method used to measure glomerular number in this study has not been validated in young rats. The total number glomeruli in control 3-week-old rats were less than that in adult control rats, even though nephrogenesis is complete. Thus, it is likely that not all the glomeruli in the 3-week-old rats were counted. Nonetheless, we were able to demonstrate that there is a significant reduction in glomeruli at this age.
There was also a difference in glomerulosclerosis between our previous study and the current one. Focal segmental glomerulosclerosis was rare at 2 months of age, and there was no difference in control and dexamethasone-treated rats. However, one of the most important findings in the current study there was a statistically significant increase in glomerulosclerosis in both male and female rats who were exposed to prenatal dexamethasone on days 15 and 16 of gestation. This demonstrates that prenatal dexamethasone can cause glomerular injury in rats.
Perspectives
This study demonstrates that prenatal dexamethasone administered at specific times of gestation results in a reduction in glomerular number in infant as well as adult rats. The hypertension was manifested at 3 weeks of age in female rats but not male rats. In older rats, male rats that received prenatal dexamethasone at specific times during gestation had more severe hypertension than female rats. This study extends our previous findings to show that intrauterine exposure to dexamethasone can program the rat to develop glomerulosclerosis. Finally, the hypertension was not solely due to the reduction in glomerular number since the reduction was modest and there were hypertensive males in the 13 and 14 dexamethasone group that did not have a reduction in glomerular number. The relevance of this study to humans is unclear at present. Although the 2 daily doses of dexamethasone were administered using a comparable dose per kg body weight as used in humans to accelerate pulmonary maturation, the development of the rat kidney is significantly different than the human kidney. Nephrogenesis ends by about 34 weeks of gestation in the human, but rats continue to form new nephrons until approximately 1 week after birth. Thus the time during gestation and when glucocorticoids affect rat renal development may be quite different in the human. Whether prenatal dexamethasone in humans increases the likelihood of developing hypertension and renal disease is unknown.
